Currently, a lack of interpretation tools and methodologies hinders the ability to assess the performance of a single piece of equipment or a total system. Therefore, a reliability, availability, and maintainability analysis must be combined with a quantitative reliability impact analysis to interpret the actual performance and identify bottlenecks and improvement opportunities. This article proposes a novel methodology that uses reliability, availability, and maintainability analysis to quantify the expected impact. The strengths of the failure expected impact methodology include its ability to systematically and quantitatively assess the expected impact in terms of reliability, availability, and maintainability indicators and the logical configuration of subsystems and individual equipment, which show the direct effects of each element on the total system. This proposed analysis complements plant modeling and analysis. Determining the operational effectiveness impact, as the final result of the computation process, enables the quantitative and unequivocal prioritization of the system elements by assessing the associated loss as a ''production loss'' regarding its unavailability and effect on the system process. The Chilean copper smelting process study provides useful results for developing a hierarchization that enables an analysis of improvement actions that are aligned with the best opportunities.
Introduction and background

Literature review
The effectiveness of production processes and their associated equipment is an important tool for assessing total system effectiveness, 1 which is generally measured according to the results of reliability and availability indicators and life cycle economic analysis. 2 The total equipment effectiveness indicator measures the productive efficiency using the control parameters as a basis for calculating the fundamentals of industrial production: availability, efficiency, and quality. 3 In the current literature, several investigations have been performed to identify the principal factors that directly affect the maximization of economic benefits; these factors converge at the empirical consideration of reliability, availability, and maintainability (RAM) indicators. The traditional reliability analyses that are based on logical and probabilistic modeling contribute to the improved key performance indicators (KPIs) of a system, 4 which directly influence optimal operation designs. 5 However, many alternatives are available for system reliability analyses that employ analytical techniques, such as Markov models, 6 Poisson models, 7 universal generating function (UGF) and decision diagram. 8 This systematic study is based on techniques such as reliability block diagrams (RBDs), 9 ,10 fault trees (FTs), 11 reliability graphics (RGs), 12 and Petri nets (PNs); 13 these techniques can be used to determine logical relationships that underlie the behavior or dynamics of a process.
As an example, the productive processes in the mining industry have numerous equipment and systems, rendering a systematic analysis of the plant more difficult. 4 Different analysis methodologies, such as the RBD methodology, 9, 10 have been developed and extensively applied in the mining sector due to their adaptability in representing complex arrangements and environments with large amounts of equipment, simplifying reliability analysis. For the correct development of an RAM analysis, a complete scan of the data must be performed to fit the data to a statistical model and to then obtain key indicators.
14 Using a maintenance management support tool, different improvement opportunities can be identified, and recommendations can be offered to develop the most appropriate actions. 15 The Birnbaum importance measure (IM) 16 ranks the components of the system with respect to the impact of their failure on the overall system's performance; however, its application is primarily related to epistemic uncertainties.
Interpretation tools and methodologies for understanding the performance of a single piece of equipment and a total system are lacking; this deficiency is even more pronounced when the selected analysis process has been disaggregated on many levels, and each level has been disaggregated across several pieces of equipment. Therefore, an RAM analysis must be combined with a quantitative reliability impact analysis to determine the real performance and identify bottlenecks and opportunities for improvement.
Motivation of work
This article proposes an integral and quantitative innovative methodology to analyze the RAM and plant failure expected impact (FEI). The FEI analysis is related specifically to production capacity and the effect of preventive and corrective maintenance intervention on system availability. This proposal designs a novel algorithm to compute an impact index based on the frequency of failures associated, with the reliability and maintainability of the machinery and the expected impact according to different scenarios and configurations. This impact index, based on a probabilistic approach, defines the expected condition of the item in the system from a perspective of evaluation of its possible states (intrinsic behavior) and related to the logical and functional configuration of the system. This approach enables an overall comparison of elements and the prioritization of those elements, as well as a partial effectiveness assessment.
What is the motivation for applying the FEI methodology? In the finance area, for example, when a single stock of the NASDAQ index has a variation price of 10% and this stock represents 5% of the index composition, the NASDAQ index increases by only 0.5%. Developing a similar analysis over an ''element'' failure and determining the system consequences are simple when the ''elements'' have a serial configuration. If the configuration employs redundancy logic, the result is uncertain and dependent on the reliability and maintainability of the elements that compose the subsystem. The FEI methodology solves this problem by proposing four steps and applying them to a mining process-specifically, a copper smelting process (CSP) in Chile. Related to failure impact methodology, a novel algorithm is proposed to compute a failure impact index for the total availability performance of the system based on the reliability (frequency of failures), maintainability (downtime), and availability of the elements. This impact index defines the expected condition of the item in the system by evaluating its possible states (intrinsic behavior) and the logical and functional configuration of the system. This analysis enables a total comparison of the elements, their prioritization, and a failure impact evaluation.
Scope of work
The two key indicators of FEI methodology are outlined in Figure 1 , which incorporates general formulas for analysis and calculation. This methodology seeks to explain the level of responsibility for a failure in a single piece of equipment (b3) for system inoperability from a historical perspective. Two important steps are included:
1. Explain the effect of a single failure (downtime Ti of equipment b3) in terms of the single downtime propagation in the system (equivalent downtime ti). This indicator is named the expected downtime factor propagation (E-DFP). 2. Explain the effect of a single downtime propagation (equipment b3) on the total downtime of the system (downtime responsibility). This indicator is named the expected operational criticality index (E-OCI).
A copper smelting plant in Chile is examined as a case study. The smelting process is one of the most important and critical phases in any mineral processing system, especially in copper plants. 1 The selected mining process is divided into four main subsystems: drying, concentrate fusion, conversion, and refining.
This article is structured as follows: section ''FEI methodology'' describes the reliability assessment based on the FEI methodology and presents its conceptual and mathematical basis, section ''Case study'' introduces and develops the case study according to the methodology, and section ''Conclusion'' explains the main results and conclusions.
FEI methodology
The FEI methodology should consider the joint processes that are necessary for identifying improvement opportunities and generating maintenance recommendations. These processes can be summarized in four steps: data cleaning, data management, RAM analysis, and FEI quantification (E-OCI and E-DFP) and decision making.
Data cleaning
The first step is to purge and filter the obtained data to improve the data quality (missing values, usefulness records, and erroneous data). 17 
Data management
To achieve an efficient data management, some methodologies can be considered based on the equipment (historical reparable behavior). A repairable system after a failure scenario can be restored to its functioning condition (perfect and imperfect) by maintenance actions, with the exception of the replacement 18 (nonreparable item). A reparable system is defined as follows: ''A system that, after failing to perform one or more of its functions satisfactorily, it can be restored to fully satisfactory performance by any method other than replacement of the entire system.'' 19 The model and analysis of reparable equipment have high importance, mainly in order to increase the performance oriented to reliability and maintenance as part of the cost reduction in this last item. Depending on the type of maintenance given to equipment, it is possible to find five cases: 20 Perfect maintenance or reparation. Maintenance operation that restores the equipment to the condition ''as good as new.'' Minimum maintenance or reparation. Maintenance operation that restores the equipment to the condition ''as bad as old.'' Imperfect maintenance or reparation. Maintenance operation that restores the equipment to the condition ''worse than new but better than old.'' Over-perfect maintenance or reparation. Maintenance operation that restores the equipment to the condition ''better than new.'' Destructive maintenance or reparation. Maintenance operation that restores the equipment to the condition ''worse than old.'' For a perfect maintenance, the most common developed model corresponds to the perfect renewal process (PRP). In this, we assume that repairing action restores the equipment to a condition as good as new and assumes that times between failures in the equipment are distributed by an identical and independent way. The most used and common model PRP is the homogeneous Poisson process (HPP), which considers that the system neither ages nor spoils independently of the previous pattern of failures. That is to say, it is a process without memory. Regarding case b, ''as bad as old'' is the opposite case to what happens in case a, ''as good as new,'' since it is assumed that the equipment will stay after the maintenance intervention in the same state than before each failure. This consideration is based on that the equipment is complex, composed by hundreds of components, with many failure modes and the fact that replacing or repairing a determined component will not affect significantly the global state and age of the equipment. In other words, the system is subject to minimum repairs, which does not cause any change or considerable improvement. The most common model to represent this case is through nonhomogeneous Poisson process (NHPP), in this case the most used model to represent NHPP is called ''Power Law.'' In this model, a Weibull distribution is assumed for the first failure and that later, it is modified over time. Although the models HPP and NHPP are the most used, they have a practical restriction regarding its application since a more realistic condition after a repairing action is what we find between both: ''worse than new but better than old.'' In order to find a generalization to this situation and not distinguishing between HPP and NHPP, it was necessary to create the generalized renewal process (GRP). 21 The main objective of this stage is to generate parameters evaluation and basic indicators.
RAM analysis
Reliability analysis. Different alternatives have been proposed for the individual and systemic logicalfunctional representations of processes. 4 Modeling a complex system using RBDs is a well-known method that has been adopted for different applications in system reliability analysis. 5, 22 An RBD is constructed after performing a logical decomposition of a system into subsystems; the RBD is constructed to express reliability logics such as series, redundancy, and standby in a network of subsystems. RBDs are considered to be a modeling tool that is consolidated and available for the normal duties of reliability analysis. The RBD analysis methodology 9,10 is used extensively in the mining sector due to its adaptability for representing complex provisions and environments with large amounts of equipment. An RBD can be applied in addition to other reliability techniques, such as a fault tree analysis (FTA).
Maintainability analysis. Maintainability performance is defined as the ability of an item under given conditions of use to be retained in, or restored to, a state in which it can perform a required function, when maintenance is performed under given conditions and using stated procedures and resources. 23 The ''given conditions'' refer to the conditions in which the item is used and maintained, for example, climate conditions, support conditions, human factors, and geographical location. The maintainability of equipment can be represented and understood as a probability distribution of the maintenance completion time. Parametric methods have been used to analyze historical time to repair (TTR) datasets in many case studies. 24 Availability analysis. According to Dhillon, 5 availability is the probability that the equipment is available as required. Assuming that the required equipment must always be operating and that maintenance orders are immediately executed after a failure, the expected availability of the determined equipment can be defined 25 A t ð Þ = System uptime System uptime+System downtime
Availability is probably the most important parameter because it is directly related to the equipment performance, especially in a production environment that is based on volume, such as the mining industry. In this environment, the rate of production, among other variables, determines the level of benefit that is derived from the exercises. Monte Carlo simulation is used as a modeling framework to represent the realistic features of the equipment and the complex behavior of high-dimensional systems to obtain the performance indicators for the availability. 4 
FEI quantification and decision making
To implement an efficient asset management, an item classification should be developed based on criteria such as direct and indirect costs, failure rate, and operational impact. The objective is to identify the relevant elements in making priority maintenance decisions and efficiently allocating resources. Many techniques exist for asset hierarchy, and each technique has advantages and disadvantages that depend on the operation context. 4 For this proposal, the authors present a novel quantitative methodology for measurement based on reliability impact using previous results of RAM analysis.
FEI methodology. In this phase, the first indicator is the E-OCI of each element in the system, which is determined by decomposing the global index and each subsystem index 26 on the following levels
Equation (2) represents the start of the process considering the E-OCI as a 100%. Then, the breakdown of each level begins with the following equations
In equation (3), the E-OCI of a level is distributed in all the elements that composed it, all this to keep the consistence of the impact quantification. To determine the E-OCI of each element of the lower level, it is necessary to develop equation (4), which considers the distribution by an unavailability factor. In this sense, the most unavailable element of the lower level obtains a bigger proportion of the E-OCI from the upper level
where E-OCI i;j is the E-OCI for element j (from 1 to n) that is included in decomposition level i (from 1 to r) and A i;j is the expected availability for element j (from 1 to n) that is included in decomposition level i (from 1 to r). In simple terms, the E-OCI shows the final contribution of each element toward mitigating the system's lack of effectiveness based on the production capacity loss. When considering a lower detail level, such as level r, the sum of all E-OCI values is 100% of the system
Once the E-OCI i;j of each item is known, its level of impact is divided into two main aspects: frequency (by the unavailability of the element) and consequence (by the impact of the element). The consequence is E-DFP i;j , which represents the effect on system j of element i stopping. The effect of stopping element i may have different results on system j depending on the state of the elements that are also on level i. Particularly, equation (7) is deducted from the definition of E-OCI and the relation between the element and system unavailability (equation (6)) Figure 2 shows the FEI methodology and each phase of the process. Table 1 shows a comparative analysis between the main criticality and the operative impact methodologies.
Case study
For the analytical development of this case study, the selected process and equipment in the analysis are presented to develop the logical-functional sequence RBD due to the complexity of the system with a large amount of equipment. Then, the time to failure (TTF) and the TTR are analyzed to validate and identify trends and correlations. The parameterization is performed according to the most suitable stochastic model, which represents both the nature of the failure and the process of repairing the equipment. The FEI is individually and systematically developed to obtain the main indicators and identify the equipment with the highest impacts on the process.
The data were collected over a period of 16 months using the Plant Maintenance Module of SAP Enterprise Resource Planning software (SAP-PM) report from the mining industry in Chile. Considering that current automatic capture systems provide rich and complete data with respect to operational parameters, focused on prognosis and health management application, data related to the state of the asset, specific process parameters, and downtimes. This data repository is linked with information related to work notifications and work orders. Accordingly, an enterprise resource planning (ERP) solution permits the complete integration of information flow from all functional areas by means of a single database that is accessible through a unified interface and channel communication. Hence, it is possible to apply the proposed methodology using this consolidated database validating the quality and quantity of the information.
The CSP case study
The case study is the smelting process of a mine in Chile; the first stage of this process is smelting ore, which contains a concentration of approximately 26% copper. The pyro-metallurgical operations, which enable the extraction of metallic copper, are performed in type A converters (the melting process), type B converters (the conversion process), slag cleaning furnaces (the copper recovery process), fire refinement stoves (the refined copper preparation process), and anodic furnaces (the anodic copper preparation process). The nominal production capacity of the smelting process is 60 tons/h. The resulting gases from the fusion conversion process are treated in gas cleaning plants, which also produce sulfuric acid that is primarily marketed in the mining industry in the northern region of Chile. Therefore, the portfolio of products obtained through these processes includes copper plates with 99.7% purity, fire refined copper ingots with 99.9% purity and sulfuric acid derived from the processing of smelter gases ( Table 2 ). The analytical development of the case study uses the main operational flow of the concentrate in the smelting process, which is represented by the equipment and subprocesses shown in Figure 3 . The mining subprocesses that are considered in this article are drying, concentrate fusion, conversion, and refining.
Modeling the system
The logic behind the process operations can be represented using FT diagrams, which enable the subsequent development of the RBD configuration. According to Table 1 , the FT is constructed as shown in Figure 4 :
According to Figure 2 , the smelting process is composed of four subsystems arranged serially: the drying subsystem (DS), which consists of two dryers in full redundancy; the concentrate fusion subsystem (CFS), which consists of two type A converters in full redundancy; the conversion subsystem (CS), which consists of three type B converters in a 3-2 configuration with partial redundancy; and the refining subsystem (RS), which consists of two work lines that separate the refining anode furnace (RAF) production from the anode furnace (AF) plate production, with a load distribution of 60% and 40%, respectively. Each subprocess is composed of two elements in total redundancy. The classification for the reliability analysis of the CSP is presented in the FT diagram.
The quantitative analysis of the CSP considers the operating conditions, failure data, maintenance times, and other functional information needed to estimate the RAM indicators for each piece of equipment, each subsystem, and the total system. Reliability analysis was performed using traditional algorithms. 26 
Data analysis
The collected data include TTF and TTR for each equipment. The next step in data management is to determine the nature of the equipment that is involved in the process. In this case, all of the equipment uses the dynamics of serviceable equipment, and its subsequent distribution must be selected using relevant stochastic models 29 according to the behaviors of the data in terms of trend and independence.
Trend and correlation analysis. Analyzing the data of the equipment that is involved in the process, the independence and trend indicators are calculated. The calculated values of the test statistics for all of the equipment failures and repair data are listed in Table 3 . Using the null hypothesis of an HPP, in which the test statistic U is x 2 distributed with 2(n 2 1) degrees of freedom, the null hypothesis is not rejected at a 5% level of significance in most of the equipment. The statistical results show that the datasets for the majority of the equipment, with the exceptions of the TTF data for CB3, RAF1, and AF1, show no trends or serial correlation. Therefore, the independent and identically distributed (i.i.d.) assumption is rejected for these equipment. Identical results were obtained from the graphical trend analysis.
14 Distribution fitting and calculation of basic indicators. The definition of the probability distributions is commonly used to describe the equipment failure and repair processes. Different types of statistical distributions were examined, and their parameters were estimated using MATLAB. 30 A statistical goodness-of-fit test was performed to define the distributions of the operating times and TTR. In particular, Kolmogorov-Smirnov tests 25 at a significance level of a = 0.1 were required to be satisfied for p = 0.1 at each setting. The null hypothesis H0 is as follows: the data follow a normal, log-normal, exponential, or Weibull distribution.
The equipment trend data should be analyzed using a stochastic model for reparable elements. The NHPP model used in this study is based on the power law process (PLP). The x 2 test and the Kolmogorov-Smirnov test were classically encountered to validate the best-fit distribution. 31 The parameters that were estimated from the failure data are listed in Table 4 . Table 4 also lists the basic indicator of reliability, which is the mean time to failure (MTTF), the basic indicator of maintainability, which is the mean time to repair (MTTR), and the respective parameters of the fitted curves.
According to the traditional setting (no trend), the reliability parameters of the fitted curves (a, b), which are based on the life cycle theory, 31 show that the equipment are in different phases of the bathtub curve. b = 1 is related to a constant failure rate or ''useful'' life phase; b . 1 is the phase in which the failure rate typically increases, and additional service and maintenance are needed. In the ''wear-out'' life phase, a technical and economic assessment is required to determine the need for possible replacement, and in the b \ 1 phase, the component failure rate decreases over time.
Early life cycle problems are often due to failures in design, incorrect installation, and operation by poorly trained operators. Therefore, the statistical information obtained from the curve fitting should be used to estimate the system performance instead of explaining individual equipment behavior.
The probability distribution that is commonly used to represent repair times is the normal-logarithmic distribution, which explains the variability of repair by two phenomena: 32 the variation of the time associated with accidental factors (negative exponential distribution) and the factors related to typical repair (normal distribution).
System reliability analysis. CSP is divided into four subsystems, which comprise a logical-functional configuration series, that is, all subsystems must be operating to ensure that the process performs properly. Subsystem and system reliability is generally calculated using the standard RBD formulas.
5,22
Table 5 presents the main reliability results for different operating times. The reliability results for the main subsystem and total system are shown graphically in Figure 5 .
Through numerically and graphically analyzing the reliability results, the DS and RS subsystems show an accelerated decrease in reliability compared with the other subsystems (exponential behavior). The CS subsystem presents the best condition due to the redundant configuration of the subsystem and the distinctly reliable behavior of the equipment. During the first 300 h, the CFS subsystem presents the most reliable behavior due to its redundancy; after this time, the reliability decreases exponentially (wear-out behavior).
To identify opportunities to improve the reliability, processes should focus on subsystems with less reliability over time, that is, DS and RS. This information is the key for defining the intervals for preventive interventions. For example, if the reliability defined by an organization to develop the preventive intervention of critical equipment ranges between 75% and 80%, the planning activities for the DS subsystem should range between 75 and 100 h of operation. However, the examined system presents an important level of redundancy in three of its subsystems, which should also be considered when evaluating and defining future maintenance policies. In practical terms, a corrective policy is generally assumed in redundant systems. However, to reach this conclusion, individual assessment and identification of critical subsystems and equipment as well as the real costs of preventive and corrective interventions are required. 5 System maintainability analysis. In terms of individual analyses, the maintainability has an important effect on the equipment and systemic availability results. 23 For each element, TTR and MTTR i are required for the next analysis. Table 5 lists the parametric information for computing the MTTR i .
System availability analysis. With the information obtained from the curve adjustments, the expected availability 5,22,33 was analyzed. Table 6 presents the results of the expected availability calculations for the equipment, subsystems, and system. According to the results, the subsystem with the least expected availability is RS, while CS has more availability. For this particular case, the availability results are consistent with the reliability results. Therefore, a practical mechanism is needed for identifying the highest E-OCI and integrating the RAM results.
According to the procedure in section ''FEI methodology'' and equations (2)-(6), the impacts of each piece of equipment, each subsystem, and the system are presented in Table 7 . Table 7 shows that D1 explains 14.57% of the lack of effectiveness of the system, which is expressed as the E-OCI; each D1 failure results in an expected 33.09% loss of production capacity for the total system, which is expressed as the E-DFP. Both impact indices are dependent on the behavior of the equipment in terms of the RAM results, operational context, and logical dependencies as well as the indicators for the other pieces of equipment in their subsystem (immediately higher level). The E-DFP values for each subsystem are equal, which is attributed to the serial configuration of the system. Using this analysis, the equipment and subsystems that generate the highest impact on the availability or production of the main system can be grouped together. However, the results are not distinct. Therefore, continuity with a dispersion analysis is proposed in which the X-axis corresponds to the unavailability and the Yaxis corresponds to the E-DFP. In this manner, the generated curves correspond to the expected operational criticality iso-impact curves. First, an analysis is performed at the subsystem level ( Figure 6) ; DS, CFS, CS, and RS have the same level of E-DFP because they are in series. Therefore, the unavailability of each subsystem creates a different E-OCI. The subsystems RAF and AF have a smaller E-DFP because they employ a load-sharing configuration (60% of the load and 40% of the load, respectively) in the RS subsystem. Figure 7 shows the relatively low E-DFP for the equipment, which is attributed to the redundancy in each of the subsystems. Due to the serial configuration of all subsystems, the E-DFP values are all identical, with the exception of the RAF and AF subsystems, which have different capacities and operational contexts. The order of the subsystems in terms of operational effectiveness is RS, CFS, DS, and CS. At the individual level, the order of the equipment is as follows: CA1, D1, D2, RAF1, RAF2, AF1, CA2, AF2, CB1, CB3, and CB2.
Conclusion
The reliability impact study is a relevant analysis to develop a decision-making process. Considering the standard methodologies, it is possible to establish that there are no formal criteria to identify the impact of each asset and its behavior or failure. So, it is necessary to define a KPI oriented to establish a hierarchy and determine the effectiveness of the KPI's impact on the elements.
A deep reliability analysis requires quality and quantity of data; therefore, this article shows the importance of the quality of information that is available for analysis; the existing data should be audited to validate the previous analysis.
The FEI methodology has significant potential applications in several engineering problems, industrial realities, and productive sectors. FEI is a powerful tool for analysis and decision making for the various phases of an industrial project via life cycle cost (LCC) for design-oriented operations, such as capital expenditures (CAPEX) and operational expenditures (OPEX), which are associated with the improvement process. The strengths of the FEI methodology include its ability to systematically and quantitatively assess the operational criticality in terms of the RAM indicators and the logical configuration of subsystems and individual equipment, which directly affect each element in the total system. This proposal complements plant modeling and analysis, from traditional methodologies. The E-OCI is the final result of the computation process, which enables the quantitative and unequivocal prioritization of the system elements to assess the associated loss as ''production loss'' regarding its unavailability and effect in the process. The latter concept enables estimating the E-DFP of the equipment to determine the individual effects of the detention and assess complex and redundant scenarios.
The case study provides useful results for developing a hierarchization that enables an analysis of improvement actions that are aligned with the best opportunities.
Considering the FEI methodology structure, it is possible to conclude that it is replicable in different application fields and can be easily automated. Rankings that are based on the expected impact in the operation are effective, recognize weaknesses and opportunities, and serve as the basis for action plans based on reliability and maintainability.
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